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ABSTRACT 


iWesexternal structure of they apical labral pegs and 
long labellar hairs of Aedes aegypti (L.) was studied with 
the scanning electron microscope. In addition stained 
transverse sections of these structures were made and 
studied under.the light microscope in an attempt to trace 
their innervation. The labral nerves were followed from 
the proximal origin at the frontal nerve to the apical 
pegs. The labial nerves were followed to the labellar 
lobes. No individual nerve cell bodies could be associ- 
ated with either type of organ. 

Both the labral pegs and the long Jabellar hairs, were 
studied electrophysiologically with chemical and mechanical 
stimuli. No response was found in either organ after 
chemical stimulation but the long labellar hairs were found 
to respond to both step deflections and time-varying 
deflections. The labral pegs do not respond to mechanical 
stimuli. The addition of random noise was found to over- 
come distortions due to rectification at low frequencies 
and phase locking at high frequencies, and extended, the 
low frequency range of sensitivity. 

NOwresponse Of the labral pegs! resulted Trometther 
chemical or mechanical stimuli. The long labellar hairs do 
not respond to chemical stimuli but do respond to mechanical 


stimuli. Because of the above conclusions it is also 
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concluded that primary food detection may take place in the 


Ciparium. 


ae eee Oe i ye ed OW, a or ee ae 
(2) Oe Oe: ) l a ihn) i, Oe 
Ogee ab soate ated yan noise RON te 


Pu ad 
7 


ihe 


dale. 


ie. 


=i Vas i 


TABLE OF CONTENTS 


INTRODUCTION 


MATERIALS AND METHODS 


ds 


Ze 


Biological Material 
MOG OIOLOGLGeL oS CUCTCS. seme aee ina s Be sii op oe 
Zeb eCity iiCLOSs CODE. Oo ENG RES) ln. gt a .mne Ee 
DE EME CMOS ps te beo. sities ere en caer eks 
2.2 Scanning Electron Microscope Studies 
22 te MeCNOUS as, 2) cn kere eine ¢ 
PECCCLOPNVSTOLOgUCat ot UCtear tas) seas c0 cere 
S22 Chemical Stimulation 
Sees Mau eiol uh an eeeiesys see ne a cmars 
SEA eae lols) Wee lo ee hee wit as 
Bea Micchand Cat Stance Oni 8 ssl. th cues 
Buel MOCO 5 .teericmmemcmmtr re Et 705. er 


329 Recording (MEthOdS. 7.15 5505) a> eee 


dap c AE SSS De Haney. ey er meni ae er Tel GS ee Eee tee os 


nea 


Morphology 

A Lcd etal ysie's enh ti) cBPoe smo esheets Rta Pet so Se aH 
i Slight ieMircroscopy, 
1.12 Scanning Electron Microscopy 

1.2 Labellar Hairs and Labial Innervation 
1,21 Scanning Electron Microscopy 
Inee Uren Macros copy 


pega Mal acsiCll SS Sect Ge cats © ve Mee) <esecen isle dao Selec ue tcok Ge 


Page 


Wace 


Shee ewiOe 


i ae 0/L) Saget td! haat 
| i ae a oe ‘ liek ties talieeba ts Cn 
apie ad baer a od tila’ isdkpotitiasen at's 
Ribs fs oa aS ate sans ey 2M sth kat we 
tin ee eo tee 1st ee 
li SEPSIS syooeasyEeM ccchpy ao ka Prenat e c.¢ 
Rune ei gtpe ca ly Le einen oneal 
| 2g ae p- » « BOLD S Teo the tapers to ole 
é in ae . . ‘OER DoMbee: Thome LE 


e Sac ee ee nee . ele tet BM ) ce 


| ig Se a eit aa . 
re ¢ , ‘ ; e ‘ 4s Liat 2 ‘Pedabedtaen ee oe 
’ @ ae a 1 a + eben 1S Gy 


jd Pale 
ite 4 as BRN eitsteseson fue 


Ese clk aa 
Aa ar a a ae ae 1 Bee ah ypo feelerrolt et 
CE) Osuceen nee nu xa eee 
ay A : visddonbset tip tay 16. ia hae 
>. grve0y! iM, ots pacinsse ‘RE £ 
‘neipactnecint fe tied bas each cel tadet i f 
yejonbiars lit udisoond peel ra hia ae u 
rr Shue er 


tn 


: P nme 
- : LAS y i ae ed el 7 a te a : ; 
7 - dN * PY *, ‘ . * « fe , Prat Oe a iil tte 7 ¢ Pic e 
un i ‘ . af 7 | 


2a. 


Electrophysiology 


Dae 


a 


1 


3 


- vili - 


Effect of Chemical and Mechanical 


Stimulatrswontofethe? labrum 


The Effect of Mechanical Stimulation 


of themibabed lari hsavctnces lasik 


25 


The Effect of Chemical Stimulation of 


Zak 


ee 


The» Responses tosai Prolonged 


Constant Deflection 


JAX OMEN 


PA INN 


Spike Frequency 
Adaptation 
Spike Amplitude Decay 


Winton Tice ames keaaete Bocas 


The Response to Time Varying 


Stimuli 


Vier, PA ORAN 


BINGE 


Ze 2eo 


Phase Locking as a 
Result of Sinusoidal 
Stan ae von wu agcs 

The Effect of Adding 
Random White Noise to 
the Sinusoidal Input 


Stimulus 


The Describing Function 


of the Mechanical 


Responses 


the Labellar Hairs 


Page 


oak 


Si 


32 


Bp 


33 


39 


4] 


42 


45 


46 


50 


Sao Saal a es erie aaa 
vi ‘te peer eS" py mit ees rary, ai $0.5 ‘a 


\ on | 


AOL Pe EOE 4 a USP rvacie at io, apg > eer § 
RNs hed a ig RU igh et a wkladan, oh wy , 
Beane lout in aks yb eigdeal ae! isa 4 


OE ee a ey a, aE sd err sot! 


ae Hy 


‘ 


~ 


4 ; You bina: eae ie hie ‘ ie , | ‘ ‘ | oe) ! 
mood bie i Lg Ag se ors | 7 i iy my 

kee na ie (Reid “ete ata | i a } 
Dalvie coupe ee sera a ae 

ae A Re oO ge ler oe pone , ish : 


8 Ge: pie toeul aan) 


feb bos va ia iene 


° ABBA 2a; este int r igecest a 7 i. " mh ; 
| at oa Hen es ira soa 7s | 
1 San fsegirt “Habhovgnte aiid 

. a ia arty. REN teaaon st ce 
ted Bale ae 


- ix - 


Page 
Zoro loge lie “Et TOC Oi meUCiniss meas. welpeee sr oP gO 
Me Ae UNC EE LOC. SO tercc ne aie eo eseias |) ss) OL 
2 eC ELOCE. Of BN GCIs sete pars ee) 6) 2) OO 
2.342. Verrvations in the Banly 
Mechanical Responses During 
Chemicaiiis Ermita Ci Onmy ets so 2c) Oo 


Ra eS GS OO pan: oi elds etic ist anpyetinty. leon Vad cube oli cues stels! | coo, Oe 
V. SUMMARY OF CONCLUSIONS seal Sok gio) Ce ceaced boss het rs ce ae 


Peta eC EGE GES aul" east Be else eeigelpcge eg o-Wer narveed lived nisi) 0) 76 


isi LF, Ae Tia! i a ul a 
coal LPYKy, OW : ; : Dp a i 
tt WL wi On : ; ' 
ff. ane I Pe Soo enoe : —_ ¥ | v 
; Peon oe he rh / ; Ty oe f 
ihe t 7 oe ben sht 
hie hat wae v Pie .t \ Pane 
Po see os . See : 
i a ; ‘i al 
; A : : ‘ a ea Py 
ry 1 a ji i = 7 of oh 7 i 
Ml A 1 te A ) ; 
7) (ae aN ‘ 
JW Sekt a) 
a 


: ; Le te Me ory, ‘ey Gis /Fo ce ee a J 
OS Se ee BUT Soe piate, ath SEE 


Riley hee LAA | 
ee pe ees a) CRD 16 mee pre Besa 


ne ia ylase 1k eae ‘peak 

i | pint | SeOPKe 5 Cie Reem ee 

S| a nl ty aa Sho ie he Set iv 
sah th a he te, 1 as belies ~ oa 
= ee, ee SHY; RR: a0 nr 


LIST OF FIGURES AND TABLES 


Page 

Pevicy of: Electrophysiological recording setup .. 14 
G.. 2 Cross section through the mouthparts 

ae LASASGY DEY (6027 SURV, 1). OL) RES 20 
ate pees) Cress section through the mouthparts 

CEmeAreaeg yp iM yr ae. BAO. 10a TXOReey > h. 20 
Fig. 4 Cross, (secrionsthxough) ite Mouthparts 

OTE, TGA Vee ee A LAE BOM. sete. HS wel lel we we we Pia: 
Bxg,. 15 Cross section through the mouthparts 

Ome ac Gyo bl i cae eek, LOT Aah ees... y. ak 
Hig... 16 Scanning electron micrograph of a labrum 

OTA 00S y OG BGS. a5. ee ee ee HH A 22 
Barg.< Ff Scanning electron micrograph of the tip 

of tche;ehabnunnoLwAywaegy pt is tiie 27.2 es. 22 
Fig. 38 Drawing of the tip of the labium of 

A. aegypti showing the labellar Hawise... 24 
Eigse. 9 Scanning electron micrograph of a long 

labellar hair of A. GSGy Pt iOL Tey AOR 2. 26 
PLQ 0 Gross sections through? the Wabi unot 

PAL ASGy PEIN WAT AN ees ACES fea ee 28 
Pic. Aa. Crossmsection throughvtthemlabaum of A. 

aegypti showing a lateral branch of the 

labwale nerve. to: a Sensory peg . - 4 «= « «& 28 
Pig: a2 Cross section through the labella of 

30 


A. aegypti 


 BSERAT A, CRATER eter)!" 


OE NR given i ee to at ee hauled | 
| ane 1 a ns Gin “aac tcp HT 9 cc en piatxo 
: HG a ‘ « | a . 9 + is ef Dk * e 


2 iat | ; eps ' ry ah) gown ia ed wnt 


sitagd divonm eds shoambeds Ai 


| | Sorstdtiom srt, tptietuis fokiove abit} 7 
ee “a i, pha oi : Sp , eae: ah To 
ae | ee reds ing nostosis re 
No rane een Cale ; ae ) eerpgeie a hae) 

| iN G22 sal 2G de 3 ream tht cee ote Bre 


EAE hs) shee, pee eee a to nase ede 0 oan 
a his - 2o a k Sndy Ae us asia t0 naka oe a 


x livin 3 


[++ oxo aethoael dt paved Eeerpiog gk! ‘s 


is =e | Paol’ 6 2d" cms BOTS Ae dgidosts ph feng ie" ee vat - 
fi. wo Aw” ee ae a; 

PE ek 8 ie age ey Het “<a vem ones) 

- : if tQ mitdek aggo fiovoust rekaeay’ aac ous 7 oe Ma 

) gh te natdal add. geri ren a pa | 

ee e827 16 donsod ecersa 5 i ise: es 
; a , 

od ew Ope kde nea ag 52 

Bins Ww . ae » 

alfsdal eilg dower srt aatdas | HepxD Se 


- +. See 
ve ald ilies 
ear Y Sy 


os 


Fig. 


Fig. 


EA. 


Fig. 


Pence. 


Fig. 


Fig. 


BELG. 


Big. 


aM, 


14 


ES 


16 


ey. 


18 


1) 


20 


Zi 


Sy ae 


Response of a singléslongsbabellarshair 
to continuous mechanical deflection . 
Spike amplitude decay curves (A) and 
RS Pome decay curves (B) of three 
sepagate ongilabellarehairs® + 
Frequency histogram and log frequency 
plot of the response of a long labellar 
hair to a step deflection 
Time/frequency response of a single left 
labellar hair to constant deflection 
Spike amplitude decay curves of a single 
BeGighabe ham hawwy Japaliese Amst. ty: 
Response of a single long labellar hair 
to time-varying mechanical stimuli 

Post stimulus time histograms of the 
Tesponse 0: single long labellarsharm 
touncohnen tea Mishima line ee. 157 Rite. S- 

Bode: plots: of +the response tof etwo long 
liabeliter haius ito timewarying sine 
deflections with and without noise . 
Response of a long labellar hair to 
mechanical deflection and 0.5 M sucrose 


odaviinieceson eile. concen tte.. - ai. 


Page 


34 


36 


37 


38 


40 


43 


44 


47 


53 


SE aa _ 7 w 
Tue OMe Rr OB te ee Y ar we ot, ne, H J 
Uh ay Gag oi ni - xg idl ‘ hs te) | . I : wit ‘a 
oe hi 4) ; st) ee Th 
{ * P 2 ee i be ti mun ‘ a 
wiv ip she ny ssh en. ; A A at ~ - ’ 
j a Sa ae d ve . i 
y / j i 5 an ; ne i Wi 
i” grat ne ie" 4 } ah . 
{ o 7 : 


“eel Pacer init otyiele: ¢ aw see | 
: at 7 | he as se @odooat bot e oa ces nn 
aw ‘ | | eae SSvqITO ee sh ‘hic eitan a 

i. o See TTS ee: 9 BED) poutine ea eben a 


Ck eee se btiela, get a * 


Yorwet ge ka Bagot int nis Lge facta wnekpoat cn 
cs | rat tyie sf pinbes A test sence ugly he! S08 | i 
7 ery > Lael Asa on eae | 
tat de ac se canon, epoca hn : 
. Sey, bene ls sf Lied atige oct Tigh tel To ap | 


“4 
~~ 


Per wipotea. & 6 new aie | gop obec gis: ax tigh 
in f i. bie. wae ee a a“: sit af artes, 4 Aue f 
W) Sd er ati atu & te nr | 7 


Hi Pai: had mehkedss ened Soh Bi 39 atimqees 
Nits is 

O° Sd pe rae trabipone of 

iy. ; gral cat ae pore 49 aot Shoe, 

See Sethe > wnlicre nnd Lady epic’ nk bale 

she bis? weebir diubshs do thie, ils. git ivnstane 


U 


od veer tit brs thats ta eer One 


ta re (a 


Big: 


Fig. 


Pig’ 


Fig’ 


ae 


23 


24 


25 


26 


Table l 


Table 2 


- xXii)- 


Response Orta longubabeltarthaixr tito: 2 
mechanical stimulus and 0.5 M sucrose 
stimulation without mechanical deflection 
Ree nee Offa long labellar haiy to 
mechanical deflection and 0.5 M NaCl 
Serna tvon tia. Pxenenee 2f) taste. recs 
heeponse Gf Glong Pabelacihnains: ta 
mechanical and 0.01 M sucrose stimuli 
Response of long labellar hairs to 
mechanical ;e0e5SM Nacl;,«OU55M sucrose; 
and distilled water stimuli 

Response of a long labellar hair to 
mechanical deflection alone and 
mechanical stimuli with distilled water, 


OF55MaASucrOse, and OS SaMENaCrere.teor ta: 


Chemical stimulants used in this study 
with established response thresholds for 
insects Che Lood. GL Sees Petl on 2yrie 6: 
Mean values in spikes/second and standard 
deviations of the response of-theslong 
labellar hairs’ of A. aegypti to 


mechanical and chemical stimuli 


Page 


54 


55 


56 


yi 


60 


BZ 


i i an " wre 
} Uae ; 
+ ie 
i ; 
; MS 7 y 4 14 
ee aa ) 


angie! ast taunilh, got ie te eshowean- e 
eootionH ot)! 0 dag ie od rete Chotemdonue 
Moltiettes Le briud hai 20 qe “i Pe finite 


i Ad yee of tied ooflocey peehis Se aeeeeel 

1 AN (fim, pe aa) alle ne eae 
ek ge Mite a a ae ae ee at re ‘yn habeh be 
ie di wee ; Oe) Sar Lace Ty NE i ipa en eanpenn 
he - 9 olor tae. estore), (it, o. Citts Shalkaviaibond a 
oa): ee Ce om enter el 
a ae f (PSOLORR Boe Gh Ve nay Pa 8) Se craisent 


POL RE Gwe es on. hed aca an eld 


i oc ied ialigeded ome ig) he Aeemuymmal 
AO od hn i DA ngitheb Sata ean Aart 


ie We)! | \aetew ‘bettiga h sate sali: ase Fy 
a eis ss wig oe 8 2.0) Bite « Siaaaiiaas Aa 


 ghitte: ghd’ at ewe yen £6 baat 
as ' A | 468 abiokeerndy acai x Hata etadeio, ain 
f | Aketnnte Ree bobohe eatin, i anata: 


"Hate en % 
- Dl sie : : u 


aa os 


De a LNTRODUCTION 


The role of contact chemoreceptors in the detection of 
food by mosquitoes has been demonstrated with behavioral 
techniques by Frings and Hamrum (1950), Owen (1961) and 
Hosoie(1959) . 

More recently behavioral studies by Owen (1963) have 
provided evidence for the presence of taste receptors on 
LiesLarocu,, Labedlila,. ligula; vand within, the .cibariun, 
Direct stimulation of the. chemosensory hairs of the tarsi, 
labella, and ligula with water and various sugars results 
in characteristic prefeeding and feeding movements of the 
head -andimouthparts. Stimulation by blood results.in no 
feeding behavior. Owen concludes that the factors which 
attracts a mosquito .to a host also elicit initial feeding 
behavior. He attributes a sustained feeding response to 
subsequent stimulation of the cibarial receptors. 

The structure of the labral apical organs has been 
sien tloueeey, Semen with the Light microscope (Vogel, 1921; 
Robinson, 1939; and von Gernet and Buerger, 1966). Hosoi 
(1954), working with the food distribution system of 
mosquitoes, found that the sensitivity to blood decreased 
slightly when the tip of the labrum was excised. Hosoi 
therefore concluded that the sensilla on the tip of the 
labrum may play an initial role in the identification of 
blood. Since the sensitivity to blood merely decreased 


after labral excision probably other sensilla also enable 
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mosquitoes to recognize food. In the same study Hosoi 
showed that the labrum was insensitive to glucose. Stimu- 
dation of the labrum alone with erythrocytes led to gorging, 
whereas stimulation of the labella with erythrocytes 
produced negligible results. 

Leawaseiny PULDOSe LO carry OuL the following: sh) «a 
detailed study of the external and internal structure of 
pHemapacal Vabral pegs end the Tabellar hairs of Acdes 
aegypti (L.). An attempt was made to trace the innervation 
to these organs to establish the number of specific recep- 
torecellc anvolved with each organ. 2) A study of the 
electrophysiological response of the labral apical pegs and 
long labellar hairs to both chemical and mechanical stimuli. 

The suspicion that these organs may be important in 
both primary food detection and specific food identification 
including shunting of blood to the midgut and sugars to the 
oesophageal diverticula make an understanding of the 


structural-functional relationship justifiable and essential. 
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If. MATERIALS AND METHODS 


1. Biological Material: 

Aedes aegypti (L.) female mosquitoes were used exclu- 
sively for the morphological and electrophysiological 
studies. The colony has been reared for several years in 
this laboratory and has probably been mixed with other 
Strains and ican therefore be considered a wild strain. The 
adults were reared from stored eggs in the room where the 
experiments were performed. 

Ground up Purina® rat pellets were used, for larval 
food. The larvae were reared in enamel pans with a density 
not exceeding 250 larvae/liter of water. The larval medium 
was kept clear of fungus and kept atk a constant level. 
Emerging adults were split into two groups, one for experi- 
mental use and one for breeding purposes only. The breeding 
colony was maintained in a l £t> cage on 5% sucrose solution 
with weekly blood meals. The experimental colony was kept 
in separate cages, 6" x6" x 12" according to=adevand aed 
Stasucrose. solution until, 24 hes. sprior, to. testing sssuU0r ing 
the 24-hr. pre-test period the mosquitoes were fed distilled 
water only. The test mosquitoes were fertilized and 


between 3 and 8 days old. 


2. Morphological Studies: 


2.1 Light Microscope Studies: 
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22. Methods: 

Fifty adult female Aedes aegypti (L.) were prepared for 
observation with the light microscope. The mosquitoes used 
were between 3 and 8 days old. 

Either whole live mosquitoes or hezanenien entact 
mouthparts from freshly killed mosquitoes were fixed for at 
least etwordayS™ain’ Bouins! solution. After fixation the 
tissue was dehydrated to 99% ethanol in the usual manner 
and then double embedded according to the method of Peterfi. 

Transverse sections 4 and 104 thick of the labrum and 
labium were cut using a rotary microtome. The sections were 
stained either with hematoxylin and eosine or Gomori's 
chrome hematoxylin-phloxine (C.H.P.) and mounted in Canada 
balsam. 

Whole mounts of the labella and labrum were made but I 
decided that the scanning electron microscope provides a 
more efficient method for studying the external morphology 


of these structures. 


2-2 Scanning Electron Microscope Studies: 


2221, Methods: 

The heads of female mosquitoes were either air dried 
or freeze dried. Both methods of drying proved to be suc- 
cessful with the freeze drying process being somewhat 
faster. The material was mounted and orientated on a piece 
of double stick cellophane tape which was attached to the 


mounting stub. Several sets of mouthparts can be mounted 
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with different orientation on a singlemstubsanithe tGanad 
step prior to viewing was to vacuum coat the tissue with a 
chin bilmrot® gold/palladiums!utThe prepared material was 
viewed and photographed on either a Jeolco model JSM-U3 


microscope or a Cambridge Stereoscan II microscope. 


5..)' Biectrophystelogical Studies: 


Swteechemucal Stimulation: 


Bele Makeriaks : 


The following chemicals were all obtained from Sigma 


Chemical Co.: adenosine-5'-triphosphate (barium salt), Nacl, 
MgCl,, KClgjm@sucrose, “and: DFglucoses CaCl. and LiCl were 
obtained from Fisher Scientific Co. Choline chloride was 


obtained from Eastman Kodak. A sample of adenosine-5'- 
triphosphate (lithium salt) was obtained from Nutritional 
Biogchemiealli Go; +All of the: chemrcalsrusediwere ithe 
anelyticalegrade supplied: by thesmanufacturer-s 1 The 
chemicalis- used an repéated trials! werealways. obtained: trom 
thegsames bortlevinnorder;tocminimizenthe pntroduction\ of 


different impurities to the test solution. 


3.12 .Methods: 
All test solutions were made up using demineralized 
glass distilled water. The solutions were initially made 


up in either 1 molar or 2 molar stock solutions. Further 


dilutions were then made up from the stock solutions and 
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the pH measured and recorded. Because I wanted to test the 
chemicals in as pure a form as possible no effort was made 
to adjust the pH of the solutions; however the range of pH 
for given concentrations from different stock solutions 
remained very constant. The solutions were at all times 
sealed in glass containers and stored in a refrigerator at 
S44 until Sjussecprior to testing, 

The test chemicals were applied in the same way to 
pothethe tip of thet abrum and “tothe label lar haire. the 
LestecOlutzon= was ‘drawn into a 2°-ml-'syring fitted tota 25 
gauge hypodermic needle. The solution was then injected 
into a glass micro-capillary tube which was heat-drawn to 
a tip diameter of 20u. The filled capillary tube was then 
placed in a test tube containing a reservoir of the test 
solution. Each test tube was then placed at an angle of 
abomeN20e tor vertical So that" the reservoir Just covered 
the capillary tube preventing evaporation yet permitting 
Gasy aceéss to each. With this méthod several capiitlaries 
cCould“be £i1Jdea with a’ series of“solutions” and” kept’ ready 
for use during “an experiment. When in use the capillaries 
were attached with plasticine to a Leitz micromanipulator. 
Stimulation was effected by bringing the lumen of the 
fapered tip of the capillary in ‘contact with either a 
single hair or the tip of the labrum. I found that with 
this method smooth contact between the test liquid and hair 
could be made without mechanically bending the hair. The 


hair projected inside the capillary, allowing me to easily 
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bend the hair and stimulate it with a chemical simultane- 
ously. Evaporation from the capillary tip rapidly concen- 
trates the simulating solution (Wolbarsht and Dethier, 
1958; Evans and Mellon, 1962). I circumvented this problem 
by placing a piece of clean filter paper in contact with 
EiCycole1On at ‘the tip tof the: Capillary resulting in ab 
small amount of the solution being drawn out. This proce- 
dure was repeated immediately before placing the capillary 
Over the hair. All solutions were tested at room tempera- 
ture which was kept constant between 20 and 22 C. The 
solutions were applied in ascending order of concentration 
Uosavo1d. sattrating theereceptor site. (ih ithought) that by 
doing so the threshold concentration could be determined. 
The ranges of concentrations used for the various chemicals 
were based on values found in the literature determined 
from behavioral studies on various insects. Table lI lists 
these ranges along with the behavioral thesholds and refer- 
ences. Precise rejection thresholds tor Diptera for KEL, 
GeCle and Cacl. could not be found in the Jiceraturce. 
Frings (1048), however, lists rejection values for the 
caterpillar Eacles imprialis Drury and these values are 


included in the table and were used as a guide for this 


work. Test solutions were applied to the sensilla for 
varying lengths of time, (10 sec - 1 min). A recovery 
period of 3 min was allowed between tests. At the begin- 


ning of this study the method of combining the recording 


Blectrade with a Stimulating capillary containing the test 
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chemical was used (Hodgson and Roeder, 1956). The method 
consists of filling the pipette with a combination of the 
test chemical and 0.001 M NaCl. An Ag-AgCl wire is 
inserted into the barrel of the capillary which acts as the 
recording electrode. The 0.001 M NaCl is below the thresh- 
~Old of all insect chemoreceptors studied so far (Hodgson 
and Roeder, 1956) and therefore is probably non-stimulating 


to the mosquito. 
3.2 Mechanical Stimulation: 


3.21 Methods: 

The labellar hairs were stimulated with both time- 
Wanryeig and cons tant der lecr1om. 2 *lireaddrrivon the nairs 
were subjected to both constant mechanical deflection and 
chemical stimuli simultaneously. The tip of the labrum 
was also stimulated mechanically by means of a constant 
deflection stimulus. 

The prolonged mechanical deflection of the receptor 
Maintaining a steady displacement was effected by bringing 
aeqrass +Capiiivary “in contact with the tip and “moving the 
capillary with a Leitz micromanipulator. No attempt was 
made to rigidly standardize the magnitude of deflection. 
However, measurements made during deflection indicated a 
maximum deflection of 0.1 mm. I determined experimentally 


that very minute deflections and deflections of around 0.1 


mm produced identical responses. I therefore concluded that 


this variation in stimulation was not a factor which would 
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Suoniei cantly arfect. the response. 

The labellar hairs were subjected to time-varying 
mechanical deflections of known amplitude, frequency, and 
shape. A wave form generator, Hewlett, Packard model (3300A 
was used as the source providing sinusoidal, triangle, or 
square wave forms of ROME E oiled angle and frequency. 
The signal from the generator was led via an operational 
emo meoter £O a Pye-Ling Vibration generator (model V27) 
which transformed the electrical pulse into a very accurate 
mechanical representation. The mechanical deflection was 
monitored with a Hewlett Packard displacement transducer 
(Series 7DCDT) and a negative feedback circuit was employed 
EOmrecuce Mechanica l=adstortiony A glass capil lary was 
attached to the mechanical output of the vibration generator 
and was brought to close proximity of the hair with a 
micromanipulator. Final placement of the capillary was 
aciiveved with a DC OLrrlrset control” unit.” fhe, ampli tude" of 
the mechanical deflection was calibrated and could be 
Gontrolied with the operational amplifier to give accuracery 
reproducible displacements. | 

MM ceparace Circuit which provided? a °source for white 
(Gaussian) noise at various levels was mixed with the input 
from the wave form poner cor to“ determine’ the errect’ of 
random noise plus the analog on the response. 

Time-varying stimuli with and without the addition of 
noise were applied to the hair at frequencies from 1 Hz to 


50 Hz. The amplitude of the stimuli was varied between Ors rl. 
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mm and 0.1 mm deflection. The duration of the stimulation 
was 30 sec and a 1 min recovery period was allowed between 
tests. The above system was also used later for prolonged 


step deflections. 


3.3 Recording Methods: 

pete Aedes aegypti (L.) were lightly anesthesized 
with CO. and fixed with masking tape to a plexiglass 
mounting block which positioned the mouthparts in the 
horizontal plane. An effort was made to maintain the insect 
without removal of any appendages, to ensure measurement 
from the insect under close to normal physiological condi- 
tions. The mosquito was allowed to recover from the 
anesthetic and handling for 20 min and then positioned on 
the stage of a Leitz MK IV dissecting microscope. The 
light source was a flexible fiber optics system producing 
high intensity illumination,.with minimum heat output. The 
temperature rise measured at the preparation in air with 
tacolidnt aterull intensity wase0 35 sCainw 10 min. Slowever, 
the light was used at minimum intensity and reflected from 
below, during. tests ,. producing no significant temperature 
rise. 

The indifferent electrode was a platinum wire placed 
into the clypeal. domé.of, the mosquito, (vig. 1)... The record- 
ing electrode was an electrolytically etched tungsten wire 
etched to a tip diameter of about 1.54 and uninsulated. 


The recording electrode was placed in the labium near the 
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left labial nerve approximately 504 from the junction of 
the labium and the labella, when recording from the 
Kabel barthains.! Amcefifort:was«made to visually place the 
electrode at a constant depth and position whenever 
comparisons were made. I found that reproducible records 
Eromesingletunits ccould be ‘madé with this imethod:- When 
recording from the labrum the recording electrode was 
placed in the labrum near the base. The electrodes were 
mounted on Leitzemicromaniptlators for; the insertions, 7A 
"good" preparation was signaled by a drop in the noise level 
following electrode insertion. The whole apparatus was 
mounted on a 1" thick steel plate imbedded in a pedestal 
filled with sand. A combination recording stimulating 
electrode first described by Hodgson and Roeder (1956) was 
also employed with the labral and labellar hair preparation 
in the initial stages of this study but was abandoned 
because of lack of Saude alee ee EV 

The electrode eer heen Te to either a Tektronix type 
122 pre-amplifier or an Isleworth model A101 pre-amplifier 
both having an input impedance of 10 megohms and 0.01lyf 
input blocking capacitors. The input signal was filtered 
between 100 and 1000 Hz. All amplified input signals were 
first displayed on a Tektronix type 549 storage oscillo- 
scope for viewing and then led to a Tektronix type 302 


oscilloscope for photographing with a Grass kymograph 


camera model C4. All amplified input signals were also led 


to an audio amplifier and speaker and to one channel of a 
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Thermionics T 3000 FM 4 channel instrumentation tape 
recorder (Fig. 1). During prolonged mechanical stimula- 
tion a DC signal was led to another channel of the recorder 
Signaling the approximate onset of stimulation. During 
time-varying mechanical deflections the signal to the 
vibration poner cco the signal from the length transducer 
and a square pulse of the same frequency were each led to 
separate channels of the recorder along with the nerve 
Signal. The recorded signals were then played back and 
photographed after the experiment. 

thesresponses to time-varying stimuli and step inputs 
were all analysed with a Digital Equipment Co. Lab-8 
computer system. The action potentials were led to a pulse 
height analyzer which acted as a Schmidt trigger in order 
tostritoger jwne input ‘ofetheecomputer. Usually, where’ a4 
sinusoidal deflection was used a square pulse synchronized 
in amplitude and frequency with the sine wave was used to 
trigger the computer through a second input channel. With 
this procedure post-stimulus time histograms (French and 
Steinselo70) were constructed in the golowing manner for 
the frequency ranges used. The storage areas of the 
computer (bins) were set at a constant number and the bin 
width was adjusted, depending on the sine input frequency, 
so that the total number of bins equaled the time of one 
cycle. Since each bin represents a storage area in time, 
the number of events (action potentials) occurring at a 


point in time corresponding to a point on the sine stimulus 
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coulrdebe reqistered andvaccimumbateqcm n the induvidual ‘bins 
by superimposing several complete sine cycles. A program 
designed to plot the best fitting sine curve to: the data 
points in the sense of minimum square deviation from the 
data points on the histogram and a program for fitting a 
Single exponential to the data points from a square input 


were used to analyze the data (French and Stein, 1970). 


All experiments were performed at room temperature 
and room relative humidity which were controlled at 
between 20-22 C and 50-60% RH. Temperature and RH were 
continuously monitored at the preparation and found to 


stay within the above ranges. 
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CPEs RESULTS 


inwe Morphology: 

To draw conclusions about the function of a receptor 
system it is necessary to know something about the anatomy 
of the nervous system in relation to the anatomy of the 
receptor organ as a whole. 

fram assuming that 1f 1 place an electrode: in wclose 
proximity to a receptor that each nerve fiber associated 
directly with the receptor will respond uniquely to its 
particular spectrum of stimuli. In other words each nerve 
Fiber will be distinguished by either frequency ox 
amplitude or both. This does not mean that the amplitude 
will remain constant from preparation to preparation but 
that the relative differences will persist, making it 
possible to distinguish responses of each fiber from 
preparation to preparation. | 

Because the innervation within the labrum and labium 
of mosquitoes is largely unknown I studied both the 
external. and internal structure of the receptors: and 
traceq the innervation to the receptors. 

In the blowfly Phormia regina there 1s morphological 
evidence for five neurons in a single labial hair sensillum 
(Dethier, 1962). Behavioral evidence (Dethier and Evans, 
1961), and electrophysiological evidence (Evans and Mellon, 
1942), ‘contizm a specific response: function for four of 


the above five neurons. It is thus a great value to know 
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the number of neurons associated with each receptor and 
the overall structure of the receptor itself when inter- 
preting physiological evidence. Information about the 
innervation patterns of the receptors of female Aveaegypti 


follows. 


iol) Labrum: 

The labrum along with the other mouthparts of Culicidae 
are elongate and function as sucking mouthparts. The 
stylets; labrum, maxillae, mandibles, and hypopharynx lie 
within a canal in the labium which has an anterior groove. 
The labrum is further modified by having a posteriorly 
opening canal extending the entire length of the stylet. 
This canal acts as the food canal and opens proximally into 
the .¢ibarium. 

Mie firsti description of the, Wabral receptors -and the 
innervation to these receptors came from Vogel (1921), 
working with Culex pipiens L., Anopheles maculipennis 
Meigen, and Anopheles claviger (Meigen). He described two 
ventrolateral Ghatin Ganals -containing@longgthin’ frlaments 
terminating’ distally .in the tipvinba*grouptofscel ls 
assocLlated with fine chitin spines®” “He further assumed 
that these spines are sensory in function. Robinson (1939) 
alsoudescri bed “awpaifttof£ pegs -neartthestipnofetheslabrum in 
Anopheles maculipennis which he thought to be sensory. The 
work of von Gernet and Buerger (1966) confirms the existence 
of structures on the labrum which may function as sense 


organs. They, however, point out that the structures 
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described by Vogel and Robinson are in fact two sets of 
structures: 1) an apical set of four pegs divided into 
medial and lateral pairs located at the CUD} andl2) te 
Subapical pair of small pegs set in sockets and located 
jeterally and proximally) vOf the! 24 spéeciessstudiedsby 
von Gernet and Buerger all the females except those of one 
species studied of the non-blood sucking genus 
Toxorhynchites had apical pegs. Hudson (1970), however, 
demonstrates the presence of apical pegs on Wyeomyia 
smithii, a species never observed to blood feed on any 
animal. The males of none of these species had apical 
pegs, but the presence or absence of subapical pegs bore 
noOrelation tovsex. 

The following two subsections present a further 
exaianation, of the monpnoliogy of the jdabrum of Aedes 


aegypti. 


Pol 1 Pi cheaMveLoscopy : 

Bigwu2,@3;, JAeandeS) show transverse secuiens iselected 
from atserzes starting proximally andiéending amethe tip. 
Tnsthesensectionsiiallrof the tmouthparts tarevpresent.. "ihe 
Orientation lin! theseplates "is anteriopiside up and tiie 
staimntishC.Hupd. sFig. 2 showsawhatethe LabrimnPplooks yitke 
throughout most of its length. The two ventrolateral 
canals can be seen and contain a branch of labral nerve II. 
The paired labral nerve is a branch of the frontal 


connective which connects the suboesophageal ganglion to 
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the frontal ganglion. About 250" from the tip the labrum 
becomes flattened dorso-ventrally and the canals and nerves 
Copmetill (oe seen, (Fig..3). In Fig..4, Around 200p from 
Bie tip jacae. labrum hes decreased in size laterally and 
become more flattened derso>vertradily,, “At this point each 
nerve has split into two smaller processes. Fig. 5 is a 
section through the apical pegs. The two lateral pegs 
terminate before the two medial pegs; therefore no definite 
lumen or cytoplasmic processes can be seen. The medial 
pegs, however, appear to have a lumen containing an exten- 
Sion of thergpiit nerve inekig. 4.2. At: nospoimt “in the 
above series was any lateral branching seen leading to the 


Legion of the subapical” structures. 


Vot2, SGapningetiLectron Micros copye: 

Fig. 6 shows an electron’ micrograph of the ventral 
surface of the labrum about halfway between the base and 
tip. The» food» canalacan be seenPandetie ventral opening is 
discontinuous due to overlapping of the ventrolateral 
ridges at they right of Enewpletures Finis Overlapping is 
not.seensin sbhe transveuse sections<of the gabove section 
and 1s most kelly an artifact. Big. 2 Ushowseene posterior 
edgés. off ties toccrcanal as) separated with the hypopharynx 
forming the posterior closure of the food canal. The 
ventrolateral thickenings, which contain the labral nerves, 
can also be seen in this figure. Fig. 7 shows an electron 


micrograph of the tip of the labrum from the left ventral 
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Bags. 2 
Cross section through the mouthparts of A. aegypti (L.). 
C ventrolateral canal, FC food canal, H hypopharynx, 


L labrum, N nerve. 


Fig. a 
Cross section through the mouthparts of A. aegypti (L.). 


FC food canal, H hypopharynx, L labrum, N nerve. 
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Fig. 4 
Cross section through the mouthparts of A. aegypti (L.) 


near the tip. C ventrolateral canal, H hypopharynx, 
L labrum, WN nerve. 


ADEN eas mis) 
Cross section through the mouthparts of A. aegypti (L.) 


at the extreme tip. L labrum, N nerves. 
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Kise 6 
Scanning electron micrograph of a labrum of A. aegypti (L.). 


A food canal, B ventrolateral ridges containing canals and 
nerves. Left ventrolateral aspect. 


Eres ¢ 

Scanning electron micrograph of the tip of the labrum of 
A. aegypti (L.). A lateral pegs, B medial pegs, C 
beginning of the food canal. Left ventrolateral aspect. 


( a Saha 
ae f 
re gr 1. q i 
Ait gd ; i 
¢ i : i 1 
; Be - =| 
; : 
i - 5 t ‘ 
rt 
{ 
i; 
¢ 
ty 
‘ as id ) . ’ 
J 
; Ye ay he mu 
eae 4 ; 
eS ae : ie 
pe ad ‘ : \ 
fl - ae | y iy gt 
De ant * te 
, ql fh rt 
aye % 
; a 
} y : h. 
Wh y > ae T 1 4, Pi , 
i f 
. rh 
| 
, 
y ! 
y t 
‘ ty 
hal ’ 
\¥ 
a f? ae oO 
(aa ey 
Os 8 iW ' + 
{ Nis 
1 ae. : on 
” 
i ithe A can ee : = 
t Y i " : 
ry A Vilna } i 
Pey a Pitt 
mie : wy | i wee 
i? % Ny arn } , ’ 
eg hie ry 7 
5 
a De eres i ee eae ot } Sto vid oy rk ay (POF OOS eS nis 
" Af 
7 \ r é 
} : 
‘ 
ey i, 
i : 
H y 
bee ie i 
; 
} 1 
® Li 
i i i) i.) 
wf y ig 
af ; P 
i. 3 ; Me 
baa) 
F 
' ca 
\ nt x 
y 1 
j i 
aT 1¢ 
A 
i Wr 
aay 4" ‘en 
: 4) nahad ; 
{ ; tae 
| . 4 yesh 
. My 
’ ; 
y ’ : cay 
, Pe an ‘galt 
; iets 
nye spits 
ulin 
‘ 
: is ai a ue 
Mea 
F Gay : ees : ty 1 We" 
F i. 
be Fo fi a 
Ea a di seit je ev woz itty son ae a spite 
: J ees | 
ita 
pAsibory iz iad lieing we She 
mI , 


“Ss eistoat rey 4 hol: 


aspect. The apical structures can be seen and are set in 
sockets. Both the medial and lateral pegs are besi conc, 
tie) lateral peds, 2.54 in length and) the medial pegs 3.0H 

in length. The pegs are less than 1.0n in maximum diameter. 
Slifer, Prestage and Beams (1959) have described very small 
pores in the cuticle’ of sensilla basiconica of grass- 
hoppers. No such pores are visible on the labral pegs but 
this may be due to clogging of the pores because of vacuum 
coating the tissue prior to viewing, or because of the 
resolution of the instrument which is 180 A. The presence 
of pores as a likely prerequisite for chemoreceptors 

would indicate that the pegs function as chemoreceptors 
(Slifer, 1962); the pores presumably linking the interior 


of the receptor with the external environment. 


1.2 Labellar Hairs and Labial Innervation: 

In mosquitoes the labium is modified into an elongate 
structure containing the rest of the mouthparts within an 
anterior groove. The tip of the labium is modified into 
the labella; consisting \of two independently articulating 


lobes. 


1.21 Scanning Electron Microscopy: 

The hairs on the labella can be divided into two major 
groups based on length: long 404 hairs scattered over the 
surface of the lobes, and smaller 10-20yu hairs concentrated 
aieche tip of the Lobes (Fig. 8). A Similar ‘qrouping of 


hairs on Culiseta inornata has been made by Owen (1963) 
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Fig. 8 Drawing of the tip of the labium of A. aegypti showing 
the labellar hairs: Anterior view. L.L. - labellar lobes, L.H. 
= long hair, S.H. = short hair. 
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with a long type 60-80u and a shorter 32-40n types -2in 
thas study with A, aegypti the longer hairs were worked on 
exclusively because behavioral studies by Owen (1963) have 
determined the longer hairs of Cy fit Oboe Pee be chemo- 
sensory. 

Pile the labelWarihairvs arejsocketed, taper slightly, 
and curve siwomily; (Fig) (98 28) eetwo types obvcurtace 
pattern were observed: 1) a chevron pattern as seen in 
Fig. 9B, and 2) a series of troughs and ridges running 
parablel@with the longgaxis fromythe base to the tip (Fig. 
9A & C). The chevron pattern has only been seen on one 
prepacacion andemay bevan artifact... She Longitudinal 
pattern has been shown to be present on certain sensilla 
on the antennae of mosquitoes (Slifer, 1962). Such a 
pattern would undoubtedly strengthen the hair but this 
configuration suggests that these hairs are mot thin 
walled. | In cross section these hairs would appear as 5- 
pointed stars wich rounced gooints../ Fig. 9C shows the tip 
Of ione, of these hairs: The’ most striking feature in this 
micrograph is the extreme tip which is notched and probably 
the permeable area of the hair and therefore the only area 
where chemicals can be detected by the receptor (Dethier, 
1962). Owen (1963) reported that the long labellar hairs 
of C. inornata terminated in a dark staining papilla, the 


papilla being the permeable area. 


Dee?) ilgnit, MucrOoscopy - 


Serial transverse sections of the labella and labium 
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Fig. 9 Scanning electron micrograph of a long labellar hair of 
Acvaesy pth. 2. — 2000.4) Bo=27500.X iG a5 0COC 
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were made to determine the general pattern of innervation 
and the specific receptor innervation. Fig. 10 shows a 
section midway along the extension of the labium, muscle 
bundles and two lateral nerve trunks can be seen. The 
nerves have been followed proximally to the suboesophageal 
ganglion as theimepoint Of origins. ‘The nerves are 
compound containing sensory and probably motor neurons, 

thie latter leading to the muscle bundles™ Although no 
motor neuron connections to the labial muscles have been 
seen no nese nerves have been identified in the area 
making these the only source of motor neurons. The 
muscles originate near the base of the labium and insert 
distally at the point where the labellum articulates with 
the rest of the labium. The function of these muscles is 
to spread and close the labella and possibly aid in 
raising and lowering of tchegentire labium. All of these 
activities are important in this study because they are the 
behavioral criteria et sated for acceptance and rejec- 
tion by mosquitoes of contact stimulants (Frings and 
Hamrum, #1950). “rig. U1 shows'a)transverse ‘section through 
the labium with a lateral process leading from the labial 
nerve to a socketed hair. Only the base of the hair is 
vVisiblesaun this Section. » I have. seen no repostesot Sensory 
structures along the length of the labium in mosquitoes but 
this section clearly proves their existence. Sections 
through the labella present a very confusing picture. Hairs 


with deep sockets resembling those formed from the tormogen 
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Higa 10 
Cross section through the labium of A. aegypti (L.). 
M muscle, N labial nerve, T trachea. 


igs 14 
Cross section through the labium of A. aegypti (L.) showing 


a lateral branch of the labial nerve to a sensory peg. M 
muscle, N labial nerve, P sensory peg. 
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cell in the hair receptors of the blowfly can be seen (Fig. 
12A & B). The whole labellum is densely packed with cells 
and the labial nerve cannot be seen; the density of cells 
increases distally as does the density of hair sensilla. 
Hie yvesuity ps that no specific: neural) structures) cam be 
associated with any of the hairs. | The cellularematerial is 
probably not nervous tissue but is more likely displaced 
and cramped epidermal cells with nervous tissue mixed in 
and inseparable. On numerous occasions I tried vital 
staining with methyene blue but was unsuccessful in tracing 
the labial nerve to the sensilla. Methylene blue was 
either injected into the head or diffused through the 
cuticle of the labium after puncturing with a needle. The 
ligula and ligular hairs can be seen protruding into the 
lumen of the labial canal, however, no specific neural 


structures can be seen associated with these hairs. 


1.3 Discussion: 

My work, on, the: labrumeaias| coniimmed that there are 
distal pegs present on the tip with nerves at the bases 
branching from the labral nerve. These structures resemble 
basiconic chemoreceptors but there is very little physio- 
logical evidence to suggest that they are (see IV). The 
morphological evidence suggests that these structures are 
chemoreceptors and in the subsequent sections of this work 
I intend to provide physiological evidence to clarify 


their funcrion. 


In studying the labellar hairs I have been unable to 
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riage a2 
Cross section through the labella of A. aegypti (L.). 


H long labellar hair, L ligula, LH ligular hair, S 
socket.at the base of the hair. 
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determine the pattern of innervation. The hairs may be 
classified as sensilla trichodea and this type of sense 
organ can have one or more neurons associated with it and 
may beveirther@thick or thin walled: My observations of 
whole mounts with the light microscope have led me to 
believe that these hairs are thick walled. With thee laght 
macroscope techniques ‘that I Have Msed; “the “limitations of 
resolution prevent any real conclusions about the fine 
structure of these hairs. The presence of analogous 
sensory hairs on the labella of other families of Diptera, 
and electrophysiological evidence presented in this thesis 
suggest a sensory function for these hairs. Undoubtedly a 
study of these hairs with the transmitting electron micro- 
scope would reveal their fine structure and give a better 


understanding of their function. 


4/5 Hléectrophysioclogy: 


2.1. The Effect of Chemical and Mechanical Stimulation of 
the Labrum: 

Inttialily, the method of combining the recording 
electrode and stimulating pipette was used (Hodgson and 
Roeder 056). Later, insertion of the tungsten recording 
electrode in the base of the labrum, and a separate stimu- 
lating pipette were used. Using both recording methods 
the following solutions were applied to the entire tip of 


a 
the labrum: 0.5 M sucrose, pH 6.0; 10 MAT OT oir Naers, 
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Bae 6208.0 My NaCl, ! pt 5 A> 0.5) M Gacl«, pH 6.8: 0.5 M 


Pied 


Licl,, Bi Zee KC, lh 5. ye 0.5 MeNGGl Wy, pass woamand 


2! 
0.5 M choline chloride, pH 5.1. The tests were performed 
on 30 separate preparations. The solutions were always 
applied in the absence of mechanical deflection. There was 
no indication of any spontaneous activity in the labral 
nerve during tests nor was there any detectable electro- 
physiological response resulting from the stimuli. The 
oply detectable electrical activity was an amplifier 
PAOCkiING Larta1 act OCCUrring withan about 100-msec. after 
application of the solutions. This type of artifact has 
been reported by Hodgson and Roeder (1962) and Gillary 
(5966) “and has no relation to the: stimulus. 

After application of the above chemicals each labral 
preparation was stimulated mechanically by placing an empty 
pipette over the tip of the labrum and bending the distal 
1/3. There was no detectable response to mechanical 
Stimulation of the Jabrum. In addition the distal pegs 


were pressed head-on with a glass rod and no response was 


seen. 


25) The Effect of Mechanical Stimulation of the Tabellar 
Hairs: 
The long labellar hairs were stimulated with steady 
and time-varying mechanical deflections. My initial method 
of mechanical stimulation was to deflect the hair with a 


capillary using a micromanipulator to control the movement. 
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The results of this method are found mainly in the section 
dealing with chemical stimuli and agree with the results in 
section Tii-2.21 (Fig. 21 & 23) but are also found in the 
Spike frequency adaptation and spike amplitude decay 
section (2.211 & 2.212). A more refined method of constant 
length deflection using a vibration generator (described in 
tI-3.21) driven=by a feedback controlled square pulse, was 


useq. ihn Section Ittl-2.21. 


2.21 The Response to Prolonged Constant Deflection: 

Fig. 13 shows a continuous record of the response of 
a single long labellar hair to a constant step deflection. 
The length of the stimulus was 13 seconds and the deflec- 
tion was 0.02 mm. An initial high frequency response 
during the first second can be séén, which decreases: to a 
steady low level continuing until the stimulus is removed. 
I have observed the steady firing persist with a slight 
decay for periods up to 100 seconds. In such cases the 
frequency was always between 50 and 70 impulses/second 
initially and decayed rapidly to 20-30 impulses/second. 

B11 of the long hairs respond in the same way to a 
maintained step. However, on a Single preparation not 
all hairs respond equally well. Those hairs responding as 
in Fig. 13 were the only ones included in this study and 
for convenience only the hairs near the tip were used 


because of their accessibility. 


2.211 Spike Frequency Adaptation: 
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Figure 13 

Response of a single long labellar hair to continuous mechanical 
deflection. Upper trace - square pulse to the coil and onset of 
stimulation. Time mark T 1/sec. Positive at the recording 
electrode 1s ‘up. 
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Fig. 14B shows the frequency time response curve of 
three separate long labellar hairs in GeSpONnse: tO a 
maintained step. The stimulus in these experiments was 
applied with a hand controlled micromanipulator which 
probably accounts for the variability in the curves. 
Nevertheless the fairly rapid initial decay and subsequent 
slow decay can.be Seen in all“6f the hairs. 

Fig. 15A shows the response of a single hair stimu- 
lated with the vibration{ generator. The input to the 
generator was a step and the output of the receptor 
approximates a single exponential decay during the first 
7 seconds fe tl 2) where e = 2.718, b is a constant and 
T is a constant. The hair was stimulated once every 50 
Seconas wor a caquration of 20 seconds and at a displace— 
ment of 0.02 mm. In Fig. 15B the log response amplitude, 
witches. Enewlog frequency, is plotted form the fircteyy 
seconds showing the computed best fit to a straight line, 
i.e. 1a single. exponential, Phe linear correlation 
coefficient is'.0 P86: Which ts sign@izcent (P<< 0.01) “and 
indicates a good fit of) the line CO™theedatapomts. this 
experiment was done on three mosquitoes a total of 50 times 
on each mosquito; all three experiments were in agreement. 

In an attempt to determine the recovery capability 
from spike frequency adaptation a single long labellar hair 
was deflected continuously until the steady slow decay was 
effected and then allowed to rest before stimulation (Fig. 


16A-D). This procedure was repeated four times with 


- y a mick 7 
= ; (ore Trae 1) Ul Wye 
h y, By r i 
\ a a = "i cond ' 
t = Pad) x; { { 
‘ ath i ye ee Vey 
y A j ee vied ie } 
1 4 b 
he) pen igi 
i. [ i, Ny wie i 
i} ‘ ia Hi & 
Ac , ; vy 
: ) th ; F 
4 hoa , ‘. » Te * ae ‘ { 
t tay uy ¢ rig ) Ss Bi , c v 1 br) 8 hon aes he C3 rr. Wi hMie tt 
bau, 
; i i 
° . 
: 4 - 
f a : f : } f = PAP SPF Dp i I i AL, 
i , 
mm 
p ‘ Mise ‘ ia ae fn 
Sia. } : ns t L i CRAP LIE Les: 
,4 } a lip Ae | ee fe 
® ; 
t 4 ! ae * a 
. re a hd et ‘eat Le 
’ ae 
rt , 
) * 
A r ‘ i = 
whl , a { al : 
. ~ 4. i ; +2 
rf ‘ ys i A 


td : ae io woce it's , aw f ree ee ' s 7 TUS } Pah ae 


4 , i . v 


a do, a ey fay Go efit 9 ke ns i “% ey “Bae 


¢ 


' i pe 7 . yen pt To? hie a var : a 5 ue : 
. 210 Lecos # epod) Unece SSxtny ao snob Eke Ww 


Susy SI Skitgges Seias. i f6 .: oo Lepeeom tases . 
i de Tags ; 7 § °. tn 


| aiasrecen Yeavone: ade Stpheedss: eh Ser S’ Pe 


fF . 4 a ; =. a 

i PC A ee Pe) Ph ATRL A eb 

4 2 685 Liodan-v tbe ireaier $4 wan aode f 
a rn f sf 1s @ 


’ ‘ a , Cm _ i 
tis? acon 


‘ , - : Ha € f 
oe two? b ae oe Pah Batibooe hy ote 


a 7 ; A [ : nan 
i ay oad _ 

v7 a a "of awe 
iz ~ a 


Sorted Jaen. od pawelts ned | 


- 36 - 


70 SECONDS 


IMPULSES/SECOND 


Fig. 14 SECONDS 


(A) Spike amplitude decay curves of three separate left labellar 
hairs (40u) showing the decline of spike amplitude with time during 


constant deflection. 
(B) Time/frequency response of the same hairs as in A during 


constant deflection. 


oe ~4 ay " ry, ib _ & 
| =— Gs. ACen 
oh as b Be, Ce A hed 
; ty ad , 
7” kK ’ 
1 ; a * 
a in | 
ver f 
' | 
, 1 y ; 
i } ; . 
a >. ‘ i 
“i ; i m 
Ls wy a 
i 
oT 
: Le r 
a 
Mw r j : 
. : , 
wt 7 | ‘ 
‘ 
igs 
} j 
ee 
i : 
, fi 
{ 
3 Ny | a 
~ ae i 
"4 \ | li a 
{ : & i 
4 a i 
it 
t af * e ry 
; , ae 
a a 
i a 
, re “ ll i fe ’ 
: a i a ‘ af } 
- ' ee : P a 
4 A) ll ve f aT 
or ie ; Ce. lo ae, aan 
“~ t al att’ an A 
"i r . ; f : ; ; oom) Uf i te se : - 
or a i i , he ¥ ¥ 
i Dy ee Pr oe igh nit Hf C Oxi é gen! F 
nS CS A eS orl 
F ie OR ron a et ag lege Adm ris “ty ety unr ak 7 
- 7 , ey i é Py 2 - oe P44 ‘ai i tt ¢ al J es ; a aD j ih 
<a a ¢ omelet qe ane tale 17 ; a F Ai 7 
a sad ) ie ee - ie uu 
e p 8, aa ; i } ‘ i ; ; | 
bs } - ee es ee 
' a 1 
4 ‘ 


7 — eee ld meee 3 pea 
we a ea a rio i 
7 | MODE 


way 


ie 2 tele hor Hayy igri 


attecd shay. wali ti 7 | ¥ bay at oivvnibadoia ad 
me ce he meri bt at iad it) mi then. ( 09 


aw 

; F 

amas Ain ¥ bie tiqeis | oh 
has a sala eng ify eu 


a Ha 
oe 
ped rn Pisa ¥ art ved on se basco te. amgoaeet Yorwigee tf \: 
| [ ‘ae 


‘ : : ; , 
mn Op ee ate 
/ ; ; 


i 


f=be-” 


4.0 


LOG FREQUENCY 


TIME IN SECONDS 


Figure 15 : : 
A - Frequency histogram of the response of a long labellar hair 
to a step deflection. B - log frequency plot of the data in A. 


R 
ah F 
‘a 7 P | 
ni a 7 ‘ ? : 
‘« »& & a _ F 
7 ‘ 


t glfewiosi gnqof GF 2g geo a la t a WG) PTL Bat lad he a 
| fe -yacsupattigol =o gate es 


' var 
: f 7 oD a 
2 5 - 7 ; 


( to Vs 77 


IMPULSES/SECOND 
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10 20 30 40 50 60 
Fig. 16 SECONDS 


Time / frequency response of a single left labellar hair to 
constant deflection. A - initial deflection; B- deflection 

15 sec. after the end of A; C - deflection 10 sec. after the 
end of B; D - deflection 5 sec. after the end of C. 
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decreasing rest periods of 15, 10, and 5 seconds. The 
characteristic response was seen in Fig. BoA & Beywith an 
initial frequency of 60 impulses/sec decaying Tapadly to 
the steady slow decay of between 25-30. In Pig. (6G. the 
response failed to attain the original initial value and 
forl Off rapidly to around 5 impulses/sec. ©In Bigs 16D 
alter a 5-second=rest, the initial value rose to less than 
belt of that in Fig."16C and decayed rapidly to 0. Ti is 
piceresting that. the firing fell offito. zero after repeti— 
tive bending totaling 100 seconds yet a constant deflection 


fOr LOG seconds did not result in a decrease to.zero. 


2.212 Spike Amplitude Decay with Time: 

Wolbarsht and Dethier (1958) and Wolbarsht (1960) 
report that a common characteristic of insect mechanorecep- 
tors is variation in height of impulses. Fig. 14A shows 
thesimoulse herght plotted agaimor time Lore three, separ are 
labellar hairs. Each point is the average of 15 impulses. 
In two fot the hairs the initial height @s around 70pv 
decaying to a steady level of 50pv after 60 seconds. In 
the third hair there is very little decay with time. The 
slope ofthe curves’ frts very =closety=thers toperforspike 
interval adaptation (Fig. 14B) which might be expected 
since it has been shown that both of these phenomena vary 
directly with receptor potential height (Wolbarsht and 


Dethiers, 19587 Wolbaxrshe, 1960). 


Fig. 17A-D is the result of an experiment Similar to 
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Spike amplitude decay curves of a single left labellar hair. 
A -initial deflection; B-deflection 15 sec. after the end of 
A; C-deflection 10 sec. after the end of B; D- deflection 
5 sec. after the end of C. . 
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that of Fig. 16 except that the impulse height was plotted 
against time. Each point is the aAVvVeLAge#Ob.I5 inpu.lLsess, 
In Fig. 17A the impulse height is slightly greater than in 
Pig- 1/8. Fig. 17C:&.D are initially~lower.than;ecither of 
the two previous trials and these results also correlate 


with the spike interval decay (Fig. 16). 


2.22 The Response to Time-Varying Stimuli: 

In. section 2.21 I have established that the labellar 
hairs are slow adapting when stimulated by a static 
deflection... Since, these;hairs,comevin, contact with an 
environmental substrate it is unlikely that they are 
subjected to purely static stimuli; more likely they 
respond to vibrations of varying frequencies. ..In tEhis 
section the hairs are stimulated with time-varying 
sinusoidal deflections at various frequencies, with and 
without the addition of random white noise to the mechani- 
Calestimuli ,win,~order toedetexrmine the response character- 
LStics to phasicvstimuli.,No ,efrort was made. topmeasure 
the exact length of deflectionubecause of the extremely 
small size of the hair. At low frequencies it was possible 
£6. keep the hair in contact through;most ot the cycle.of 
the sinusoid, but at frequencies higher than 10 Hz this was 
impossible. The maximum movement of the stimulator at 
frequencies less than 5 Hz was 0.04 mm which .would.deflect 
a 40u hair through about 42° of arc from the vertical. 


Since the glass capillary produced a response when just in 
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contact with the hair due to substrate vibration, Vo was 
kept clear of the hair through the Very flrs parts Crmtne 
first cycle and then adjusted to deflect the hair through 
Ehic whole cycle during subsequent cycles; analysis was 


Srarteu ar er the tirst few "cycles. 


2-221" Phase Locking as a Result of Sinusoidal Stimulation: 

Nerve cells which discharge regularly tend to become 
Phoserlocked. te aysinusoidal. stimulus (Stein, 1970). Phase 
locking is the confinement of the response to a particular 
Pome On a cyclic stimuli. this locking as constanteiomw all 
cycles at a given frequency. 

Fig. 18A-F shows the results of time-varying stimuli 
aepplaed to a long labellar hair. Mia ee TeQUCTCYMOL, eth 
Che’celi> fires at about 25 1mpulses/cycie e(hig.«ltAjawAt) 5 
Hvethe celd fires at 2, 3.,or 4 ampulses/cycie, and at 7 Hz 
therce ll hives at .2 ampulses7cycle, (hid. web ser C) 9 At Ene 
meet sor, thesnrequencies the cel locks sly: ito thescycle. 
This pattern varies somewhat among preparations but the 
general pattern is always the same. 

In Fig. 19A-I the data is presented as a post-stimulus 
time histogram. Each sweep of the histogram is triggered 
by the square pulse at a constant point on the sine wave. 
The x shat of the histogram is divided into bins which vary 
in size dependent on the frequency. Each bin contains the 
number of impulses occurring at a particular point in time 


of the sine, and the impulse density can then be displayed 
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Response of a single long labellar hair to time-varying 
mechanical stimuli, A 1Hz, B 5 Ha, Co leila s Deer 7, 

E 145 Hz, F 20 Hz. Upper trace - square trigger pulse. 
Middle trace - mechanical sine output from the Coll. 
Positive at the recording electrode is down. The direct~- 
ion of the deflection of the sinusoid is down. 
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NO NOISE 


Fig. 19 Post stimulus time histograms of the response of a single 
long labellar hair of A. aegypti to mechanical stimuli. A&B - 
20 Hz.,C & D - 45 Hz., b& F = 40iz. Geo =. 5 hig, , 1G Je 
Ost Figs 
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at given points after the beginning of the sine. Each 
histogram represents 100 sweeps of Single separate sine 
CyieLes'. 

Pag par lOON es (Ciae he Geren sls ShOWn Che post-stimulus time 
mstognam) for: 1, Hz54 10. Hz Ss Hz. ands 20.Hz. «The, hister 
grams show various degrees) of: recti fications ats lowmtre- 
quencies and phase locking at higher frequencies. Rectifi- 
cation is common at frequencies between .1 Hz and 6 Hz; 
Suciiya, response asenotwa sine: buti.a..clipped portion.or fhe 
pine. relating only,.pamteof the,outputewithsthepinputés at 
fanz (Fig. L8C)nthe receptors phase’ <Locksny atn 2simpuises/ 
cycle and. at LO;20.Hzethere asi generally ao lesedephase 
locking with an occasional second impulse occurring in 
pies cycler (Mic aro Deke wee hoe Ole Gisors) es 

Fig. 20.shows the) frequency» response of two labellar 
hairs on two separate preparations. The amplitude of the 
response (Fig. 20A), which is the impulse density, shows a 
Maximum response at 3-5 Hz with the curve tailing off at 
both ends. The dashed curve stops @t dvyHzaetythe Lowerdend 
but. would probably follow the same slope as the solid 
curve if it were extended. The phase of the response in 
melation to.thesastamulus? iseplottedgin Pag-g2Z0c. ethe 


phase between 1-4 Hz is matched with the stimulus but lags 


at low and high frequencies. 


2.222 The Effect of Adding Random White Noise to the 


Sinusoidal Input Stimulus: 
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Fig. 198, D, F, H & 3 show the post-stimulus time 
histograms at various frequencies of stimulation with added 
noise. The distortion of the sine input by the receptor 
has been partially eliminated in Fig. 19H & J and completely 
eliminated in Fig. 19B, D & F where the nerve is responding 
Over the Entire cycle of the sine, The frequency response 
curves (Fig. 208s D) for amplitude and phase relation show 
epolight increase in the flat portion of the response near 
the low (.1 Hz) and high (20 Hz) ends. The experiment repre- 
sented by the dashed curve shows a depressed amplitude and 
more variable phase shift due to too high an amplitude of 
added noise. The amount of noise needed Boa aaa phase 
locking is dependent on the amplitude and frequency of the 
Sine input. Since the noise is superimposed on the sine 
wave too much noise will completely distort the sine and 
result fin a icandomly changing “Sstenein “For "this reason the 
phase relationship of the dashed. experiment in Fig. 20B & D 
followsano, particular pattern, yet because of ithe larce 
amount of warlabiljaty it May decay "at. =mequencres seround 7 
Hz and higher. These experiments were performed on a total 
of four separate hairs, however, with the addition of noise 
only two experiments yielded results. The other two 
experiments without noise produced results which agreed 


well with the two presented graphically. 


2.223 The Describing Function of the Mechanical Responses: 


When information is transmitted through a physical 
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system the system will have a modifying effect on the 
information it transmits (Garner, 1968). One way of repre- 
senting this influence mathematically with a linear system 


is with the transfer function: 


BPE SNNS Go) 


G(s) 
input (s) 


moere Gis) tc the transiter functron mand) (Ss) m6 a complex 
frequency variable. The response of the labellar hair -- 
the average instantaneous frequency of impulses or the 
post-stimulus time histogram -- to a sinusoid is not a 
Simusoid but a distorved, rectified sinusore abo low 
frequencies and at frequencies above 7 Hz is phase locked. 
Thus the system is nonlinear. The transfer function can 
only apply to a linear system. However, the describing 
function «technique gives the output. which as limearly 
related with the input. Nonlinear systems such as receptor 
systems can be analysed providing the response has a linear 
Dac. 

Li is not imy purpose to ‘derive themdescritpings tunc— 
tions since this has already been done extensively in 
several texts dealing with automatic control (DeRoy, 1966; 


Garner, 1968), and in works dealing with biological control 


systems (Milsum, 1966). 
(ay be 


The exponential response to a step input (be | , sec. 


2.211) is best described by the function: 
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Ts + 1 


where s is the complex frequency variable, T is the time 
constant, and k is a constant derived from the slope of the 
exponential decay. This function describes a Luequen cy, 
response to a Sine input with a low break frequency at 1/T. 
The break frequency is the point where the two asymptotes 
woultwmect., Wheltineliconstants “for 8 separate: preparations 
emer gl 190s502. lecands253 whilch taverdgess toll, 26 "therefore, 

1/T = 0.41 radians/second which is the break frequency. 

The actual data provides a break frequency at about 10 
radians/second. However, the slope of this curve may have 
changed with the) addition of more* data points. *’With the 
addition of noise there is an increase in linearity at low 
frequencies (Fig. 20B). This linearity suggests that the 
theoretical break frequency is being approached with the 
addition of noise. 


The function for the sine Ianput—-outpue is, 


CXS) OS ae A 


T5s + 1 


Where kis the flat portion of the amplitude in. Fig. 2025 
This function describes the high frequency end of the curve 
which has an actual break frequency between 30 and 60 
radians/second. If the high frequency break frequency is 


taken at 50 radians/second then the time constant would be 
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0.02 seconds. 
These functions describe each end of the observed 
curve and may be multiplied to describe the entire fre- 


quency response: 


Kos k 
A xX eee 
Ts + 1 T5s + 1 4. 


ihere 1S Sucttctent data at the higher frequencies, to 
Show a break frequency at 50 radians/second but the low 
frequency response was obtained for only Be preparation. 
The low frequency response is best determined using step 
imeucs. (Pig. [5A & B), which, was replicated on» three 


separate preparations with the time constants given above. 


Zoe tue Hirect of (Chemical Stimulation of thes babellar 

Haas: 

tnitially my purpose was to study the response charac- 
teristics of the labellar hairs to chemical stimuli. The 
discovery of the response of these hairs to very small 
mechanical deflection presents a problem when applying 
chemicals since in most instances any small deflection will 
result in a high frequency response OF the mechanoreceptor. 
To overcome this problem the hairs were stimulated with the 
chemicals both with and without mechanical deflection. In 
addition, variation within the mechanical response during 
simultaneous chemical stimulation was studied. 


The method of Hodgson and Roeder (1956) (see methods 
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sec. II-2.12) was initially used on 25 preparations. With 
this method the following stimuli were used: SUCLOSE,. GLu- 
cose, NaCl, and mechanical deflection. No results were 
obtained with this method. The results in this section 
were obtained by use of the independent recording 


electrode method described in the methods section. 


225) Whe werhech of Sugars: 

SOlUGTONS fOr 0.0L EM sucrose -(pHi 6. 35) wanda0n > M 
sucrose (pH 6.0). were applied to the long labellar hairs 
both with and without mechanical deflection (Fig. 21 & 22). 
In both figures the response to a mechanical stimulus is 
seen but there is no detectable change in the response when 
sucrose is applied. This experiment was repeated on 10 
separate preparations; all the results were negative. Fig. 
24 and 25 show the average response to 0.01 M and 0.5 M 
sucrose. The mean values and standard errors for these 
Peratss Cam ber foundein, table 29) These: responses (Hig 24 
[eo Space shine: result Of a Combination sol mechanical and 
chemical stimulation and there is no noticeable change in 
the response when sucrose is applied at either concentra- 
Peon. | Solutions of 0.1 M (pH 6.2) “and 0=53™M (pil 6.1) 
D-glucose were applied to three separate long labellar 


hairs without mechanical deflection and no response was 


seen. 


Dea mre Erect OL Sats: 


A series of experiments was performed to determine 
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A,B,C: Response of a left medial labellar hair (40p) 
to mechanical deflection. first four seconds of 


stimulation. Continuous record. 
D: Response of the above hair to deflection after 28 


seconds of stimulation. 
E,F: Response of the above hair to 0.5M sucrose 


with deflection. Continuous record. 
Upper trace shows the approximate onset of stimulat- 


ion. Time mark 1/sec¥), Positive at the recording 


electrode is up. 
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A,B: Response of a left lateral labellar hair (40,) to 
mechanical deflection. Continuous record. 

C-F : Response of the above hair to 0.5M sucrose 
without deflection. Continuous record. 

Upper trace shows the approximate onset of stimulat- 
Time mark 1/secff) Positive at the recording 


ion. 
electrode is up. 
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Figen 3 

A-C: Response of a left lateral labellar hair to 0.5M NaCl. 
Continuous record. With mechanical deflection. 

D-F: Response of the above hair to mechanical deflection 
Continuous record. Time mark (t) 1/sec. Positive at 
the recording electrode is up. 
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Figure 24 
Response of long labellar hairs to mechanical and 0. 01M 
sucrose stimuli. Each point is a mean of the number of 


trials indicated. 
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Figure 25 
Response of long labellar hairs to mechanical, 0.5M NaCl, 
0.5M sucrose,and distilled water stimuli. Each pointisa 


mean of the number of trials indicated. 
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if the long labellar hairs respond, stouNaGl.. Fig. .23: shows 
the results of mechanical deflection and 0.5 M NaCl (pH 5.6) 
stimulation. There is no change in the mechanical response 
and no additional cells discharging. Bag ie2i5 shows “the 
results of four separate preparations stimulated with 0.5 M 
NaCl and Te eter nicoul deflection. Table 2 gives the actual 
mean values of impulses/second for 0.25 M (pH 5.6) and 0.5 

M NaCl stimulation with mechanical deflection and in neither 


case is there a specific response by the receptor. 


2.33 ‘The »Effect.of Water: 

Evans and Mellon (1962) have discovered a cell in the 
chemoreceptive labellar hairs of Phormia which responds 
Ssolelyetogwater!’ cin bightsofethassfinding;, L stimulated 
the long labellar hairs of the mosquito with water, with 
and without mechanical deflection, resulting in no 
nesponse-(Figse25). CThesmeansvalues, of) the~response are 
found in table 2. There was no significant difference 
between any of the means in table 2 except.a slight signi- 
ficant difference between 0#25,MaNaCl. and.075,Ms sucrose 
foresecondyu2.(P<0.150%05). 

The Appia cationnofedistid ledawater tog the chemorecep- 
tive hairs on the labellar hairs of the blowfly Phormia 
yeginai results ini complete,loss of electrical activity of 
the L and § fibers (Hodgson and Roeder, 1956). This would 
neanithatethewwaterais enteringrthe: receptor area.aiay the 


permeable tip of the hair and de-activating the receptor. 
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The water receptor described in Phormia by Evans and Mellon 
(1962) was unknown to Hodgson and Roeder at the time of 
their study and it is not known whether the mechanorecep- 
tor of this species which was also described later, is 
inhibited by water. In the results presented here for 

A. aegypti the mechanoreceptor is not inhibited from 


PureLnG . 


2.34 Variations in the Early Mechanical Responses During 
Chemical Stimulation: 

In the above sections dealing with the effect of 
chemical stimulation on the labellar hairs there is no 
indication of either a discrete specific cellular response 
or a response of the mechanoreceptor due to a chemical 
stimulus. In this section I recorded the response to 
chemical stimulation and mechanical deflection with the 
Osc LloscopeM set ‘Lo \cnrgqgersony the Lirstsimpulse toccurring 
and. to store one complete sweep of -f0™mseecemgeihe stored 
sweep was then photographed, enabling me to observe all of 
the electrical events occurring during the first 10 msec 
after stimulation. ‘This’ procedure was repeated on the Long 
labellar hairs of two separate preparations using mechani- 
Gal). 0. SaMisvcrose, 0.5 M NaCl and distilled water as 
stimuli. Fig. 26A & B show the results of mechanical 
stimulation on the two preparations. The arrow indicates 
the impulses which are characteristic of the mechanorecep- 


tor. These experiments were repeated a minimum of 10 times 
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Figure 26 

A: Response of a right lateral labellar hair to mechanical 
deflection, Prep. 122 

B: Response of a right lateral labellar hair to mechanical 
deflection. Prep. 123 

C: Response of hair(A) to distilled water with mechanical 


5 SEC 


deflection. 
D: Response of hair (A) to 0.5 M sucrose with mechanical 


deflection. 
E: Response of hair (A) to 0.5 M NaCl with mechanical 


deflection. Positive at the recording electrode is up 
arrow indicates mechanoreceptor impulse. Space between 


frames = 5 min. 
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and up to 40 times in some cases. The space between 
frames represents five minutes. 

it? ss interesting “to! notelthe onsistvene Sshapevor tthe 
impulses from preparation to preparation and also the 
occurrence Of ‘the’ second impulse in’ all> four’ trials 
bee SB. msec alter ithe Hirst... Thisioiivest ian amity alte re— 
quency of 300/second. Some variations in the shape of 
the impulse might be expected between preparations when 
uSing extracellular techniques, but the initial frequency 
or interspike intervals should be similar. 

hig.526C,5 D SE show thes result of Stimulation with 
dusti lledt water, sucrose, \and> Naci*.” ® Other? than? the 
PHitralsartatact ini the farst iramerol, Clim) (see ec, 
Tit-2.1)inot electrical acuivity other=than’ the mechanveal 


response is seen. 


ry) chee | sisi aig ai, ee Wiesel 
sats otis bie bet dt hig eR ONT, on aeahinansgeron cont @ 
cater a BE bee tet Ge Sesh Siaigininw: aia | ‘ws 
et parle sila sere. ia err od yh. worth aon ‘8 
| +m esa ti srfit dat eens a oad ido e | 
reithy Rw aeegate, mat ae Ayagl- Prod pepe, og pati ans yok 
ite pared) La bthad att mwa tpi da ‘ig tutisom taxa | ‘ rl | 
7 tm Lhe ti ibidtit ‘avnedint oltdesabi 
diw nelteiowkye Yo vs rag asks: wos baal a a vOne “eit A 
MS as t4 £0 iL, Bit onan ; kde notte 

; nae cea) Oo Dae wea th sea ite ad’ dostiows regia 

if peebinestiecsi orfd nets partite a herton inbtuanete on, oe 


nee oa sia "Rd! oie 


IV * DESCUSSTON 


The role of the apical labral sensilla of mosquitoes 
as sense organs was first suggested from morphological 
Studies by Vogel (1921) and later by Robinson (19 39) and 
Von Gernet and Buerger (1966). Further studies of the 
labrum with the scanning electron microscope by Hudson 
(1970) and réported here; “also suggest a sensory function 
of the apical sensilla based on structure and innervation. 

Early investigations into the mechanism of distin- 
guishing sugars from blood resulting in the diverting "of 
blood to the midgut and sugars to the oesophageal diverti- 
Cula’ (Day; ~1954; "Hosor, vbos4 Trembley 771052) AVedSto 
speculations about the sensory functions, if any, of the 
labral sensilla. Day (1954) suggested that the cibarial 
receptors played the key role in blood identification, but 
Hosor ~(1954) “demonstrated “that stimulation with whole 
rabbit blood and rabbit erythrocytes after amputation of 
the stone waned of the labrum resulted in a lowering of 
the response. Hoses (1959) however; assigns "tle major 
function of blood tdentifreatiron to thereibarial receptors 
and states that: "The labrum is no longer considered as 
bearing any specific chemoreceptors." Owen (1963) applied 
solutions of 1M, 2 M, and 3 M sucrose, 2 M ammonium 
chloride, and water to the unsheathed stylets of Aedes 


dorsalis and Culiseta inornata without demonstrating any 


behavioral response. Owen further states that blood flow 
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up the food canal by capillary action resulted in active 
aspiration when the blood column reached the area of the 
cibarium, suggesting that the detection of blood takes 
place in the cibarium not at the tip of the labrum. Salama 
Ch967)= contrary to\Owen: founda with Aedes aegypti that the 
tip of the labrum is sensitive to blood and that distal 
amputation of the labrum results in a decrease in sensi- 
Limityyneshidiid HosOis(1954).5° Therésais iarnsdpparent 
discrepancy in the wat Vow results regarding the sensory 
function of the labrum. Owen (1963) describes the spon- 
taneous aspiration of fluids by the unsheathed stylets of 
C.p i normataloccurning Biidirregquianmmtervyaliszs Medrave 
observed spontaneous laspiGation) Occurning ya ni Aedes acgypta 
accompanied by cibarial pumping. With the electrophysio- 
logical technique I used, the cibarial muscle potentials 
were observed firing in correspondence with fluid movement 
bine ther ifoodcanalar’ Thi swactivity., persisted: Unvithes niayomrry 
omipreparations land did» notuchange: inyitirequency: when, test 
solutions were applied to the labrum. With frequent 
spontaneous activity and capillary action alone, in the 
absence of spontaneous activity, it is possible that any 
solution coming in contact with the tip of the labrum would 
reach the cibarium where either acceptance or rejection is 
mediated. 

In light of the results presented jay zha sipeaper, Ii have 
to agree with Hosoi and Owen and assign a nonsensory 


function to the labral structures when stimulated 
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mechanically and with the chemicals used in sec. III-2.1. 
There are two possible explanations for the presence of 
these structures:,.1) they are vestigial receptors once 
functioning as detectors of foods but no longer capable of 
Berrorming, thiscuflunction, and. 2) they are chemoreceptors 
but the response to chemicals has not been measured 
adequately. This latter possibility seems unlikely since 
Hosoi and Owen used experimentally sound behavioral 
techniques and the work presented here (sec. 2.1) uses 
electrophysiological techniques which should have indicated 
eee ceOLOm TUunCELOn. Tr. wit exited. 

The location and function of insect sense receptors 
has been reviewed by Dethier (1963) and for chemoreceptors 
OLeDipcera by, Frings end. Frings, (1049) 95 Frings sand 
Hamrum (1950) have described contact chemoreceptors of 
Aedes aegypti on the labella and tarsi. They report that 
the tarsal receptors of A. aegypti are sensitive to sucrose. 
Sensitivity of the tarsal receptors, OF this speciec lato 
Salinity when oviposd ting, has been, reported (Wallis, 1954) . 
Of interest here.are the labellar hairs which are described 
as. being of three sizes: 1), 7, short, spread over the 
entire surface of the labella, 2) 204 medium, present only 
on the tip of the lobes and thought to be chemosensory, 
and 3) 40u long, set in rows over the entire surface of the 
Ioabelia ands toougne so) pe tactile (Frings and Hamrum, 1950). 
The shorter 7p type are spines without basal sockets and 


are probably not sensory (Fig. 9). Owen (1963) working 
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with C. inornata describes two Sizes, a 60-80y long group 
wwe: (32> pr groupyo£! short hairs. HEeustates that kid 
heir siinores than S2iwiin length are chemosensory. The 
results of this study, showing no SENSPervity=Of thertong 
hairs of A. aegypti to chemicals but Sensi tivi cy to 
mechanical deflection, agrees with the conclusion of Frings 
and Hamrum. This conclusion, however, differs from those 
of Owen and raises a question about the homologies of 
these hairs between genera in the family. One would expect 
Phatkieh thee longuhairstare homologous 7 item, “derived srom 
a common source embryologically, then they would have a 
Sim Varomunces ony -bUE “hiss SemotwEne*casce 

Salama (1966). ides Cribesethertas tevsensirtivity "or vay 
aegypti and Rodnius prolixus to alcohols and salts using a 
membrane feeding technique. Salama (1967) lists the taste 
sensitivity of "A: “aegypti*to sugars and ‘salts ‘with “a™tech- 
neque fof placing a stimulating “chemical within *a°capillary 
everutheitiptofitthe Vabium-sand "styles “Pisdlama* (1967) 
concludes that the labellar sensilla are sensitive to 
sugars, water, and may be sensitive to unacceptable 
compounds. A correlation of the nutritional state of the 
mosquito with acceptance or rejection has been reported. 
(Galun and Fraenkel, 1957; Salama, 1969). The work of 
Salama (1966, 1967 & 1969) relied on the rate of cibarial 
pumping and degree of engorging as behavioral criteria 
whereas others relied on specific movements of the mouth- 


parts! as ‘avsign tot either acceptance or rejection (Frings 
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ena Hamrum, “L950; "reir, jet a te OiGales "Owen -b9.60)).. wie 
behavioral criteria orignally established with IG teenie el 
by Frings and Hamrum, consisted of a labellar response, 
spreading and opening of the labellar lobes with cibarial 
pumping activity, signaling acceptance. Rejection of a 
compound was signaled by withdrawal of the entire proboscis. 
I have observed>that both of these responses, especially 
Cibarial pumping can be duplicated with mechanical 
demlecwron ot keheslabeblar hairs alones "This cCbeervation 
is also made by Owen (1963) yet he used these criteria 
exclusively an his studies witheC. inornatar 

PEO the results *of my work with the long labellar 
hairs *OLren, Pocgyotr TF conclude “that (heysarcacens) aivemouly 
to mechanical deflection. Since these hairs respond to 
very minute mechanical deflections which result in 
proboscis movement, the behavioral results obtained by 
relying”on proboscis movement should be reconsidered. 9in 
MmyeTexperience Te ws very difficult totapply sacchemi caleto 
one of the long labellar hairs without evoking a response 
from the mechanoreceptors. 

The method of food identification by mosquitoes 
remains uncertain. The feeding stimulants in blood for 
Culex pipiens and A. aegypti have been identified (Hosoi, 
19595 Galun,*ét al., 1963), using a*membrane feeding 
technique which excludes stimulation of labellar hairs. 

The labellar hairs have been found to be insensitive to 


blood stimuli (Hosoi, 1954), yet some authors have reported 
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a response to other chemical stimuli, Raciice and Hamrum, 
EU), THOSsor, 1959. Owen } 1963). When the labellar hairs 
are stimulated with sugar and the stylets are simultane- 
ously stimulated with blood, the blood will go to the 
diverticula rather than the Midgut (Hosoi, “1959) *" Thie 
Suggests that the Poet hairs are overriding the 
Ccibarial receptors which are considered responsible for 
Grrecting blood "toethe midgut. It 1s obviousethat® the 
Cibarial receptors play an important role in food identifi- 
Cacton and not until thelr “function is studied will there 
be a more complete understanding of the method of food 
detection and identification by mosquitoes. 

It iS appropriate at this time to consider the sequence 
of events which lead up to the act of both blood and sugar 
fecaingrtaking into account, aS a summary, the nole or the 
sense receptors involved. 

The first event to occur which may be considered as 
specrire to feeding is attraction to the source of food 
from a distance. “In the case of blood“an animal “is 
involved as a host and the reason for feeding is quite 
different from that of feeding on nectar. Many causes for 
attraction to an animal host have been postulated the most 
common being vision, and chemical odorants, THelucing CO, 
and water; heat may also be considered as an important 
factor since most mosquitoes prefer homiotherms. The 
antennae are thought to possess the chemoreceptors involved 


in attraction. In sugar feeding, flower scent, moisture, 
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heat and visual stimuli are likely attractants. 

The next event to occur after the mosquito has been 
attracted to a food source is landing and location of a 
feeding area. Landing might suggest the presence of 
locomotion arrestant stimuli, but this need not be the 
case. After landing, probing is the most commonly observed 
behavior and undoubtedly contact chemoreceptors on the 
mouthparts and legs become important in locating a 
Suitable feeding area. , It is here that a, major, difference 
between the sequence of events occurs. In sugar feeding, 
Pecwl tewit LOWer Orisartif£icial, source. them locatron Ofte o 
Suitable feeding area coincides with the detection of the 
food which is followed by feeding. The detection of the 
food by chemoreceptors is important but where this actually 
occurs is unclear. As mentioned earlier it is possible 
that feeding is initiated through cibarial pumping and 
food identification. occurs. in) the cibaxrium, alter partial 
ingestion. 

inebaoodatecdang, Jocations on astecoingsaroawis sno 
Clearly understood. A mosquito will probe on the Skint 
euhostand:then begin to,pierca. Perhaps the abel tar 
hairs are important in determining a suitable area of 
specific texture and shape. Piercing, the next step in 
blood feeding, is a complicated process beginning with 
cessation of probing and then insertion of the stylets to 
a point where either a blood vessel is entered or a pool 


of blood within the tissue is formed. It is here. that. the 
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labral apical structures have been associated with blood 
Se erin It should be remembered, at this DOLE wthac 
rYewlabpellar hairs, as’ in sugar feeding, are resting.on the 
substrate and undoubtedly responding to a variety of 
mechanical deflections relating to the position of the 
mouthparts. The next step is cibarial pumping and feeding. 
It is possible, in face of the evidence presented here, 
menat CetCcCctioneor blood, as With stgars;, takes place in 

the cibarium. Finally blood feeding is ended by withdrawal 
Of the stylets. The cessation of feeding is thought to 
occur because of abdominal distension stimulating abdominal 


stretch receptors (Clements, 1963). 


The evidence presented in this paper suggests a 
nonsensory function for the labrum and a mechanosensory 
Punccrom for ine long Tabellar hairs.” “Simce the short 
labellar hairs have not been studied it is possible that 
they mediate a chemical “response.” The fact that the long 
Pabellar*hairs of other species respond to chemicals and 
those of its aeqypun dO not, rarse "ques lions vaboue tie 
validity of comparative assumptions made for other species. 
It is possible, though, that other species possess very 
sensitive mechanoreceptors on the labella and they may, as 
in the case of the blowfly, be accompanied by chemoreceptors. 
within the same hair. The extreme sensitivity of the long 
labellar hairs of A. aegypti is to be expected because of 
their function, since it is important that very minute 


deflections be registered during feeding. The result is 
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that information is transmitted about the relative position 
Of the labella, which are spread during both types of feed- 
Go. vzhe, substirate al lowingsfomscontimual adjustment of 
the position of the mouthparts according to substrate 
movements, a system necessary for prolonged feeding on a 
constantly moving substrate. 

Wolbarsht (1960) puts insect mechanoreceptors into 
two major categories based on the rate of adaptation: the 
first etype «is -phasic.oxr, fast adapting, signal ling. only<«an on 
or Off -response.«., A vertebrate .example of athis4fixrst.group 
is the Pacinian corpuscle, a receptor which responds to 
high velocity pressure changes (Gray and Sato, 1953; 
Lowenstein, 1959). An insect example is the mechano- 
receptor hair on the wing of Sarcophaga responding to high 
velocity deflections .(Wolbaxsht,,1960),f saTheysecondsetype 
is slow adapting and signals continuously during static 
stimulations Examples.of.this type ;arne.the crayfish 
Stretch receptor, the mechanorecptom inathe.labellar hairs 
efePhormiia; tand.insect abdominal stretchpreceptors 
(Lowenstein and Finlayson, 1960).. The mechanoreceptor in 
theriongelabellarthairs Of,A« aegypti; clearly.belong to 
this second category. Even though the hairs are classified 
as slow adapting there is considerable adaptation evident 
during the first 7 seconds of stimulation. 

As mentioned above these receptors are grouped 
according to their rates of adaptation. Adaptation is most 


commonly defined as a decrease in spike frequency during a 
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continual stimulus, but it may be defined as the decrease 
in magnitude of the generator potential-during sustained 
stimulation (Patton, 1968). The Genervatktoees potenti abhisea 
graded, non-propagating potential, Origimating,at sthe 
receptor terminal which gives rise to the all or nothing 
spikes and varies directly with the stimulus ingens tryeg As 
aoresult of thas; the spike frequency as well varies with 
intensity. The generator potential has been measured in 
INany preparations: , the frog muscle spindle,.(Katz, 1950a, 
b), Pacinian corpuscle (Alvarez-Buylla and Ramirez de 
PLOUNANO  wlIospeGrays and Sato, 1953), stretch. receptors sor 
Crustacea. (Eyzaguirre «and.Kuffler, 1955a,;.b),and:in»insect 
mechanoreceptors (Wolbarsht, 1960). In the work presented 
here the magnitude of a stimulus could be taken as either 
the rate of deflection or the amount of displacement. As 
mentioned before the hair responds maximally regardless of 
direction of bending or amount of displacement, however, 
the impulse frequency -incredses (witheinerease ain thesire- 
quency of time-varying stimuli. It can be assumed from 
this that .thenmagnitudesof ithe jgenerator spotential ,also 
imereases with stimulus -frequencyiy Theregis7,often 
confusion involving the use of the terms generator 
potential and recptor potential sand {iauseerherterms sas 
defined by Davis (1961). 

Spike adaptation (Nakajima and Onodera, 1969a) and 
generator adaptation (Nakajima and Onodera, 1969b) have 


been dealt with in detail on the crayfish fast and slow 
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StLLetCh peceptors. In the ‘slow adapting receptor they 
conclude that overall receptor adaptation is due to 
generator adaptation rather than spike adaptation, whereas 
in the fast adapting receptor overall adaptation is mainly 
due to spike adaptation. These conclusions are supported 
from studies with the slow adapting muscle spindle (Katz, 
1950; Lippold,=Nicholls and Redfearn, 1960). Since the 
adaptation of «the labellar hairs is slow at is likely 

that the cause is also due to generator adaptation. It 
should be emphasized, however, that the work of Nakajima 
and Onodera (1969a, b) employed constant current injection 
and precise length-tension stimuli and that until the 
generator potential of the labellar hair is studied in 
this way no firm conclusions regarding adaptation can be 
made. 

Dethier (1963) states that the fast adapting tactile 
receptors are common on areas of the body that contact the 
environment and that slow adapting receptors are usually 
er ais oer in function. The long labellar hairs studied 
here are an obvious exception to this classification. 

These hairs are deflected primarily during probing and 
feeding, the latter lasting up to 10 minutes (Clements, 
1963), whereas I have observed probing over an attractive 
surface lasting up to 30 minutes. It would therefore be of 
value to the mosquito to have a constant input relating the 
position of the labella.to the substrate. I have demon- 


strated that the labellar hairs are capable of providing 
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information to the mosquito about a static deformation but 
in addition the hairs respond to time-varying phasic 
stimuli. The latter capability provides information about 
a constantly changing deflection which is a more realistic 
system when Hemet eas mosquito feeding substrate such 
as a flower or animal which are in constant movement. 

When random noise is added to the time-varying input 
a response output results, which is frequency coded, and 
relrabiy-relates to the phasic analog input. “This type of 
input is likely the most common type of stimulus trans- 
mitted from a substrate rather than a pure step deflection 
Or pure sine deflection. The role of neuronal variability 
in information coding has been discussed by Stein (1970) 
and Stein ano French (1970) and it 2s not my antentiom co 
discuss it here. It has been shown by Stein that an 
increase in neuronal variability aids in accurate frequency 
eodingvof analog input signals. Asi demonstrated in sec, 
III-2.22 the addition of random noise to the sine input, 
which stimulates increase in neuronal variability, 
eliminates distortion due to rectification at low 
frequencies and phase locking at higher frequencies 
resulting in a frequency output which resembles the analog 
input. In the case of the response of the tactile spine of 
the cockroach Periplaneta americana located on the leg, the 
addition of noise to the input increases the linear portion 
of the response, i.e., the amplitude of the response 


increases linearly with frequency (Pearson and Holden, 
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1970). This is seen only at low frequencies for the 
mosquito labellar hair. As can be seen from the Bode plots 
for thes Labellarm hair (Fig. 20)ptheyshape-of the, amplatude 
and phase curves do not change with the addition of noise 
except that the low frequency response with the addition of 
noise does become more linear. Since the low frequency was 
not extended no actual break frequency was established. 

It may be concluded then that the long labellar hairs 
Of A-pacgyptay, respond; to both static deflection and to 


time-varying deflections over a limited frequency range. 
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V. SUMMARY OF CONCLUSIONS 


The external and internal morphological results of 

the labrum indicates that the apical pegs are 
basiconic sensilla. 

The morphological results of the labellar hairs are 
inconclusive but the external structure with a 
socketed hair bound by a membrane indicates that the 
hairs are sensory. 

Theraprcal lebral peas did mot respond tomany of the 
stimuli used in this study. 

The long labellar hairs do not respond to chemicals 
but do respond to mechanical stimuli. It is concluded 
that this mechanoreceptor is responsible for detecting 
substrate movement, primarily important during 
feeding. 

The results of this study do not reveal the primary 
receptors “responsible for rood detection and 1t is 
suggested that the cibarial receptors may be 


MmmoOrecant In this respecte. 
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